Ammonia often occurs in combustion gases as a product of fuel-nitrogen. Since either NO or N 2 may predominate as the product of ammonia oxidation, there is considerable interest in understanding the factors responsible for selecting the final products. In flames the selectivity is known to depend on whether the reaction zones are premixed or non-premixed. This paper reports on a combined experimental and modeling investigation of ammonia chemistry in a hot combustion environment that is below flame temperatures, such as in post combustion gases. Experiments that mix highly diluted ammonia-methane and oxygen-water streams are interpreted in terms of a plug-flow model, a simplified mixing reactor model, and a two-dimensional direct numerical simulation. The study finds that the final products of ammonia oxidation remain sensitive to mixing even at temperatures below those of self-sustaining flames. At low temperatures ammonia oxidation occurs in a premixed reaction zone, but at sufficiently high temperatures a nonpremixed reaction zone may develop that produces significantly less NO than the equivalent premixed system. A direct numerical simulation is required to predict the behavior over the full range of conditions investigated experimentally, while a simplified mixing reactor model captures the essential features as long as the radial gradients are not too steep.
Introduction
In many combustion systems ammonia occurs in the gas-phase as a major fuel-nitrogen compound.
Ammonia is a primary volatile product of organic nitrogen compounds in biomass fuels and may also be formed in significant amounts during coal pyrolysis [1] . The oxidation of NH 3 is characterized by a selectivity in the reaction pathways: it may be oxidized to NO by reaction with O 2 (undesired), or it may react with NO to form N 2 (the desired reaction). The fact that NH 3 under favorable conditions may react selectively with NO has prompted the use of ammonia as an additive to control NO x in the Thermal De-NO x process [2, 3] .
Due to the importance of ammonia as a source of fuel-NO in combustion processes there has been considerable interest in understanding how to minimize NO formation. The selectivity in NH 3 oxidation towards NO or N 2 depends mainly on the temperature and gas composition [4] , but the mixing of reactants also is conceivably important because changes in the local conditions may favor different reaction paths. It has been observed that mixing governs the selection of the final products from oxidation of trace amounts of ammonia in flames [1, 5] . For premixed flames the conversion efficiency of NH 3 to NO is largely independent of the level of NH 3 seeding, whereas in nonpremixed flames the conversion efficiency declines with greater seeding. Sullivan et al. [6] found that increased ammonia seeding of nonpremixed flames accelerates mainly reactions among two nitrogenous species. Many bimolecular nitrogen reactions consume NO and produce N 2 thereby altering the NO : N 2 ratio of the final products. This effect depends on the fluid dynamics of nonpremixed flames; in premixed flames which involve the same reactions the sensitivity of the NO selectivity towards the fuel-N level is much smaller [1, 5] . This paper examines the conversion of ammonia to NO in an environment that is below flame temperatures as would be encountered in post combustion gases. Experiments with commingling highly diluted ammonia-methane and oxygen-water streams are performed in a laminar, co-flow reactor under nearly isothermal conditions. The experimental results are interpreted in terms of a plug-flow model, a simplified mixing reactor model, and a two-dimensional direct numerical simulation.
Experiment
The experimental setup has been used previously to characterize mixing effects in the Thermal De-NO x process [7] . Briefly, the reactor consists of a vertical quartz tube with upwardly flowing gases. Fuel enters through an inner tube surrounded by a concentric oxidizer co-flow. Figure 1 shows the reactor dimensions. The tubes extend 33 cm below the mixing point to fully develop laminar velocity profiles. An electrically heated oven houses the reactor in a nearly isothermal environment (±13 K). Continuous gas analyzers measure the concentrations of NO, CO, CO 2 and O 2 (±3%) in the outflow. Data is acquired for a range of temperatures and fuel/oxidizer volumetric flow ratios. Table 1 lists the composition of the inflow streams by mole fraction of the total flow. The reactants are highly diluted in nitrogen to minimize the temperature increase from reactions. The total amount of nitrogen (about 94% by volume) is apportioned between the streams to select different fuel/oxidizer (F/O) volumetric flow ratios, thereby changing how the streams mix inside the reactor. Since the total inflow is 2 L/min at standard temperature and pressure, species always enter at the same molar rate. The experiment thus emphasizes the effects of mixing on the chemistry of a single, fixed dosage of reactants.
In the present experiments the reactor operates in three fuel/oxidizer flow ratios of 1:3, 1:1, and 3:1, at temperatures ranging from 900 to 1500 K in steps of 25 K, and at a pressure of 1.2 (bar). Figure 2 displays the concentration of NO measured in the outflow. The figure also displays predictions from the three models.
Simulation Methodology
Simulations are needed to understand the operating modes of the reactor because the hot environment in which the apparatus is confined makes it difficult to observe the experiment directly. As a reference calculation for a completely premixed system, we performed plug-flow modeling using SENKIN [8] . A low Mach number model provides a full description of the two-dimensional chemically reacting flow. Finally, a Zwietering mixing reactor model offers a simplified assessment of the effect of mixing on the chemistry. All the simulations model the chemistry using the 65 species, 447 reaction mechanism of Glarborg et al. [9] for ammonia and methane oxidation.
There have been many years of work modeling nitrogen chemistry in combustion environments.
Our mechanism in particular draws on [10] [11] [12] . Probably the first look at mixing effects on NO using rigorous kinetics and transport models was [13] . Fully 2D laminar flame calculations with nitrogen chemistry are more recent [14] .
Plug-Flow Calculation
There is only one plug-flow condition for each temperature because the species always have the same molar inflow rate. The nominal residence time used for the SENKIN [8] calculation is 1274/T , i.e., 1.274 s at 1000 K. 5 The Two-Dimensional Model
Description
A two-dimensional simulation of the reactor is performed using the low Mach number approximation of Majda and Sethian [15] and Rehm and Baum [16] . The differential equations are discretized and solved using the adaptive mesh refinement (AMR) algorithms of Day and Bell [17] . Reaction terms and transport properties are evaluated using CHEMKIN [18] [19] . This combination of models with the Glarborg et al. mechanism has been successfully applied to study nitrogen chemistry in methane-air diffusion flames [6] [20] .
Since the flow is laminar and believed to be axisymmetric, it suffices to consider a computational domain consisting of the 1.25 × 25.0 cm 2 radial-axial plane shown in Fig. 1 . The velocity profiles of the incoming fuel and oxidizer streams are assumed to be fully developed laminar pipe and annulus flow, respectively. The reactor wall, the fuel tube lip, and the inflowing streams are held at the reactor's nominal operating temperature. Note that chemical reactions elevate temperatures within the reactor slightly above these boundary conditions. All six operating configurations listed in Table 2 are considered.
Multiple Reaction Zones
In the 2D simulations, a time-dependent problem is solved for the evolution of the reactor beginning from the initial conditions of the gas in the oxidizer stream. That the simulations achieve a steady state after 1-2 s of simulated time is evidence for the stability of the reactor. Usually, a conical reaction zone develops that rises from the fuel tube's lip to an apex approximately 1 cm above on the centerline. However, for the lowest temperature considered, 1200 K, the reaction zone assumes the shape of a parabola of revolution that floats a few centimeters above the fuel tube and extends almost across the reactor's width.
The two types of reaction zones can be seen in Fig. 3 for two different temperatures in the 1:3 F/O flow ratio configuration. The figure shows the first intermediates, CH 3 and NH 2 , that occur from the decomposition of the fuels. The reaction zone for ammonia is collocated with that of methane to share the radical pool created by the more vigorous carbon chemistry.
It is convenient to use concepts from combustion science to describe the reaction zones even though they are not self-sustaining flames. Figure 3 (bottom series of images) shows that the "nonpremixed" zone lies at the thermodynamically optimal position on or near the stoichiometric line. Table 1 indicates that the combined mixture is very lean, with an O 2 mole fraction 40 times that of CH 4 . Only a relatively small amount of the available oxygen must diffuse into the fuel stream to form a stoichiometric mixture. As a result the nonpremixed reaction zone lies near the fuel tube at the bottom of the reactor.
The "premixed" reaction lies much higher in the reactor where the two streams are nearly fully mixed. The simulation's fuel stream contains traces of argon to assess the progress of mixing. It is presumed that reactors operating at below-flame temperatures achieve complete mixing before reacting, e.g. well-stirred reactors. Indeed, diffusion flames do not attain adiabatic premixed flame temperatures [21, p. 130] , so it may be inferred that mixtures sustain reactions more effectively. The thick, premixed reaction zone that forms at lower temperatures evidently affords radicals long enough life to allow chain branching, whereas the thin, nonpremixed reaction zone requires higher temperatures to sustain a radical pool. When the nonpremixed reaction zone is feasible then it forms immediately on contact of the streams, thereby precluding the formation of a premixed reaction zone downstream. 
Comparison of Experiment with the 2D Simulation

Effect of Flow Ratio
For the nonpremixed reaction zone that forms at higher temperatures, both the measurements and the predictions in Fig. 2 show a relationship between NO production and the F/O flow ratio. The generally good agreement in Fig. 4 provides a measure of confidence that this effect of mixing can be understood by examining the simulation results: the flow field and the reactions in it. the simulation are capable of predicting a triple flame structure as can be seen in [6] . However, it is to be expected that the present reaction zone's anchoring differs from that of a flame because the reactor's feed streams are much hotter than ambient temperatures.
The salient features of the reaction zone in the high flow case are that it is more uniform from base to tip and it occurs at leaner conditions. The configurations of the experiment do not reveal whether this is due solely to the increased flow ratio, or occurs in concert with the greater dilution of the fuel stream by which the higher flow ratio is achieved.
To understand how the chemistry differs between the two reaction zones, reaction path diagrams were prepared by integrating the reaction flux of atomic nitrogen over the computational domain. Figure 6 shows the change in the reaction paths that results from increasing the fuel/oxidizer flow ratio from 1:3 to 3:1 at the same temperature, 1500 K. Evidently a multiplicity of reaction paths are responsible for the increased NO outflow observed in Fig. 4 . Some paths culminating in HNO → NO are enhanced, while many that consume NO are decreased.
That so many paths are affected by the flow ratio suggests that this is caused by a major alteration of the nonpremixed reaction zone. It has been seen in Fig. 5 that the site for nitrogen reactions shifts toward the lean side of the stoichiometric surface when the flow ratio increases.
Roughly speaking, this favors the formation of a product that contains oxygen, NO, over one that does not, N 2 . A fairly complete picture can be obtained by considering the five most altered paths into or out of NO which are responsible for most of the increased production. In summary, the shift in the location of the species NH i , i = 1, 2, to lean mixtures increases production of NO through reactions with O, and reduces their availability to consume NO in other reactions. Other factors such as the decreased availability of carbonaceous species to react with NO further contribute to the greater outflow of nitric oxide.
The Zwietering Model
The 2D simulation is very demanding computationally and it is of interest whether models with a simplified description of the flow characteristics can provide an estimate of the effect of mixing on the present chemistry. A simple, qualitative method was proposed by Zwietering [23] to describe mixing effects in chemically reacting systems. The Zwietering model describes macro-mixing in a reactor with two unmixed feed-streams, using a non-ideal plug-flow reactor configuration. In this approach typically the secondary feed-stream is uniformly distributed along the primary stream over a mixing time, τ m . In previous work this approach has been used with some success to describe the effect of mixing on reburning [24] and on the Thermal De-NO x process [7] . In our present context we assume an exponential entrainment of the oxidizer stream into the fuel stream, i.e. the rate of change in mass flow of the fuel stream due to entrainment is given by
where k is a rate constant for the entrainment, calculated from an estimate of the mixing time, These results, together with those of Fig. 5 , provide some idea of the strengths and limitations of the Zwietering approach. It appears to be suitable for describing the behavior of the nonpremixed system as long as the radial concentration gradients in the reaction zone are not too large. However, if a fast reaction occurs in the mixing region, with local high concentrations of radicals, the Zwietering approach is no longer appropriate. For this reason it is not suitable to describe nonpremixed systems where ignition occurs; for such systems a more advanced reactor concept is required, perhaps similar to the Two-Stage Lagrangian model [25] developed for turbulent flows.
Conclusion
A combined experimental and modeling study is performed of the effects of mixing on ammonia oxidation at temperatures below those in self-sustaining flames. Dilute streams of methane-ammonia and oxygen-water are commingled in an isothermal environment. It is found that, as in flames, the NO production is sensitive to mixing. At low temperatures only a premixed reaction zone is viable which produces high levels of NO. At higher temperatures a nonpremixed reaction zone forms where NO production is much less. The crossover point between the two types of reaction zones appears to be governed by a stability phenomenon that also depends on the relative velocities and concentrations of the fuel and oxidizer streams. The ratio of flow velocities also affects the NO production from the nonpremixed reaction zone. 
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